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Diabetic rats were investigated to determine the effect of exercise training on
cardiovascular dynamics. Twenty-five male Sprague-Dawley rats were randomly
assigned to one of four treatment groups: (1.) control, (2.) control exercised, (3.)
diabetic, and (4.) diabetic exercised. Groups three and four were made diabetic using
the chemicals alloxan (ALX) and streptozotocin (STZ), which induced diabetes by
the destruction of the ~ cells in the islets of Langerhans of the pancreas. Rats in
groups two and four were placed on a progressive exercise regime over a 5-week
period. Rats in each group were anesthetized, the carotid artery surgically
cannulated, blood pressure parameters were measured with an in-dwelling cannula,
and electrocardiograms (ECG) were recorded. Data were collected using Digi-Med
Analyzers connected to a computer using Digi-Med System Integrator software.
Results indicate that diabetes produced a decrease in systolic and diastolic pressures,
mean arterial pressure, and heart rate, and an increase in the QT interval on the ECG.
Exercise training restored blood pressure values close to control values and reduced
the hyperglycemia in the diabetic animals. An anomaly in the QRS complex of the
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diabetic animals was observed in rats that were subjected to the progressive exercise
regime. This study provides evidence to support the hypothesis that exercise training
may be beneficial to diabetic subjects.
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Introduction

Diabetes Mellitus

Type 1 diabetes, fonnerly referred to as insulin-dependent diabetes mellitus, is
a condition characterized by a Jack of insulin secretion resulting from destruction of
the P-cells of the islets of Langerhans in the pancreas (Sherwood, 1997). This
pathology appears to be usually caused by an autoimmune reaction that results in
damage to the islet P-cells. Pathological effects by viruses and chemicals result in the
release of P-cell antigens. These antigens are processed by macrophages and
dendritic cells and are presented to reactive T helper cells, which initiate a response
leading to the destruction of the P-cells. This destruction is through a nitric oxide
dependent pathway that ultimately ends with the apoptosis of the P-cells (Figure 1)
(Mandrup-Poulsen, 1998).
The acute consequences of Type 1 diabetes mellitus can be characterized by
inadequate insulin action on carbohydrate, fat, and protein metabolism (Sherwood,
1997.) Hyperglycemia results from reduced glucose uptake by cells and increased
hepatic glucose output through the processes of glycogenolysis and gluconeogenesis.
According to the Expert Committee on the Diagnosis and Classification of Diabetes
Mellitus (ECDCDM), the symptoms of marked hyperglycemia include polyuria,
polydipsia, weight Joss, polyphagia, and blurred vision (ECDCDM, 1997).
Glucosuria results in diabetes mellitus when the blood glucose level is so high that the
glucose filtered by the kidneys exceeds the tubular reabsorption capacity. The
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Figure 1. Pathological destruction of P-cell islets (Mandrup-Poulsen, 1998).
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osmotic effects of diabetes mellitus, if untreated, can result in peripheral circulatory
failure and may ultimately lead to the death of the individual (ECDCDM, 1997;
Sherwood, 1997). Glycosylation of tissue proteins and other macromolecules and
excess production ofpolyol compounds from glucose accompany the hyperglycemic
condition and produce tissue damage, growth impairment, retinopathy, and peripheral
neuropathy (ECDCDM, 1~97).
Insulin deficiency also produces increased levels of plasma lipids (Paulson, et
al., 1992) and plasma amino acids. Elevated lipid levels may contribute to the cardiac
dysfunction observed in diabetic animals. Accumulated lipids may be harmful
because of nonspecific detergent actions or specific inhibition of a variety of
metabolic processes, including depressing sarcolemmal Na+-K+-ATPase and
inhibiting the adenine nucleotide translocator of the mitochondria (Paulson, et al.,
1992). The diabetic myocardium is also characterized by enhanced fatty acid
oxidation and an impaired glycolytic flux. This shift in substrate utilization can affect
overall myocardial oxygen consumption (Paulson, et al., 1992). A hyperglycemic
condition also leads to an accumulation of the advanced glycosylation end products of
myocardial proteins such as collagen, and may produce a collagen molecule with an
increased tensile strength (Woodiwiss, et al., 1996). This is believed to contribute to
cardiomyopathy by increasing myocardial stiffness.
Chronic complications accompanying diabetes mellitus result in a shorter life
expectancy in diabetic patients (Sherwood, 1997; Zimmerman, et al., 1997). These
complications primarily involve degenerative disorders of the vascular and nervous
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systems. Diabetics have a greater incidence of atherosclerotic cardiovascular,
peripheral vascular, and cerebrovascular disease (ECDCDM, 1997). Nervous system
disorders may also result in dysfunction of the brain, spinal cord, and peripheral
nerves (Sherwood, 1997).

Cardiac Impairments and Diabetes Mellitus
Type 1 diabetes is associated with cardiac impairments in both humans and
experimental animals (Davidoff and Rodgers, 1990; Mokhtar, et al. 1992; Paulson,
et al., 1987). These cardiac impairments include: altered mitochondria morphology
leading to depressed oxidative phosphorylation rates (Mokhtar, et al., 1993b);
diminutions in creatine kinase, ATP, and phosphocreatine content
(Mokhtar, et al., 1993a; Mokhtar, et al., 1992); decreased calcium transport by the
sarcoplasmic reticulum (Nordon, Gilat & Aronson, 1985; Sauviat and Feuvray,
1986); prolonged atrial and ventricular action potential duration (Shigematsu, et al.,
1994; Wang, et al., 1995); prolongation of the QT interval (Chambers, et al., 1990;
Sawicki, et al., 1996; Tentolouris, et al., 1997); left ventricular dysfunction,
including left ventricular hypertrophy (Shehadeh and Regan, 1996); decreased cardiac
reserve (Deblieux, et al., 1993); and hypertension (Weidmann, Boehlen & Courten,
1993). Within the diabetic myocardium, there is reportedly an accumulation of
glycogen, triacylglycerol, free fatty acids, long chain acyl-CoA and long chain
acylcarnitine (Paulson, et al., 1992; Shehadeh and Regan, 1996).
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The left ventricular myocardium of diabetic rats has been shown to have a 3fold increase in the resting myoplasmic calcium concentration, indicating a disorder
in the regulation of the intracellular calcium level (Magyar, et al., 1992). However,
conflicting results were presented by Wang and colleagues who showed a decrease in
the intracellular calcium concentration, which may be responsible for the decreased
contractile function in the diabetic myocardium (Wang, et al., 1995). Contractile
abnormalities in the diabetic rat include a decrease in uptake of calcium into
sarcoplasmic reticulum and sarcolemma; altered distribution ofmyosin isozymes;
decreased activity of Na+_K+-adenosinetriphosphatase, Na+_if-exchange as well as
Na+-Ca+- exchange in the sarcolemmal membrane; and Ca2+ binding
capacity (Tsuchida and Watajima, 1997).

Diabetic Action Potentials

The action potential duration (Figure 2) in the myocardium of diabetic rats is
reported to be significantly prolonged when compared to age matched control rats
(Magyar, et al., 1992; Shigematsu, et al., 1994; Wang, et al., 1995). Papillary
muscle action potentials exhibit increased duration of the plateau phase and delayed
repolarization, resulting in significant prolongation of action potential duration
(Sauviat and Feuvray, 1986). A reduction in the transient outward current, I1o, is also
observed in experimental diabetic animals and may be responsible for the prolonged
action potential duration (Magyar, et al., 1992; Wang, et al., 1995). The I10 is a K+
current that is responsible for the rapid initial repolarization process (Carmeliet,
5

1993 ). The I,0 of ventricular cells has rapid kinetics of activation, inactivation, and
recovery from inactivation. The recovery of I,0 is significantly slowed in diabetic
animals (Wang, et al., 1995).
The action potential duration of rat ventricular cells is short enough to allow
2

maximum Ca + influx from extracellular medium so that the lengthening of the action
potential duration due to the inhibition ofI,0 may lead to an increased Ca2+ influx and
subsequent enhancement of Ca2+ release from intracellular stores (Tsuchida and
Watajima, 1997). The decrease ofI,0 in diabetic cells may exert compensatory effects
on the decreased contractile force of the diabetic myocardium (Tsuchida and
Watajima, 1997; Wang, et al., 1995). The immediate cause of the altered contractile
performance in diabetes is an altered calcium homeostasis (Magyar, et al., 1992;
Wang, et al., 1995). The increase in the action potential duration as a consequence of
a decreased ability of the membrane to repolarize causes more Ca2+ to enter, adding
to an already increased level of Ca2+. This causes the contractile response to be
prolonged (Magyar, et al., 1992; Wang, et al., 1995).
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Figure 2. Representative action potential of left ventricular trabeculae in normal (A)
and diabetic rats (B) (Redrawn from Magyar, et al., 1992).
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Diabetes Mellitus and Cardiac Arrhythmias

Diabetic human subjects exhibit lengthening of the QT interval (Figure 3) on
an electrocardiogram (Chambers, et al., 1990; Sawicki, et al., 1996; Tentolouris, et
al., 1997). The prolongation of the QT interval along with the presence of autonomic
neuropathy is linked to an increased incidence of ventricular arrhythmia and an
increased risk of sudden death (Tentolouris, et al., 1997). The length of the QT
interval represents the time between the start of the electrical activation of the
ventricular wall and completion of its repolarization (Tentolouris, et al., 1997). The
QT interval is influenced by the autonomic tone and represents an index of
myocardial refractoriness and electrical stability (Sawicki, et al., 1996).

QRS
Complex

QRS
Complex

p
Wave

p
Wave

T
Wave

L

QT
Interval

Figure 3, Diagrammatic electrocardiogram showing QT interval.
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Autonomic neuropathy associated with diabetes mellitus may result in
reduced vagal activity and increased sympathetic activity which can lead to an
alteration of the QT interval (Sawicki, et al., 1997; Tentolouris, et al., 1997). Several
other factors commonly found in diabetic patients may be responsible for the
lengthening of the QT interval. Coronary artery disease can induce an insufficient
oxygen delivery and lead to a greater electrophysiological instability and/or
myocardial fibrosis, which can result in a longer QT interval (Sawicki, et al., 1997).
Volume overload and/or hypertension can reduce the threshold for arrhythmia
through an increase in ventricular wall stress. Renal failure can also contribute to the
lengthening of the QT interval by inducing electrolyte imbalances that could lead to
reduced myocardial refractoriness (Sawicki, et al., 1997). QT prolongation can also
be caused by severe myocardial ischemia or infarction (Ahnve, 1985; Schwartz and
Wolf, 1978), severe hypocalcemia, hypomagnesmia, or cardiomyopathy (Reynolds, et
al., 1951). QT interval prolongation has also been observed in experimental diabetic
rats (Navaratnam and Khatter, 1989).

Alloxan and Streptozotocin
Alloxan (ALX) (Figure 4) and streptozotocin (STZ) (Figure 5) are widely
used to induce diabetes mellitus in experimental animals. These diabetogenic
chemicals induce DNA fragmentation in the islet cells of the rat pancreas and cause
the development of diabetes mellitus (Takasu, et al., 1991). Figure 6 presents the
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path for P-cell destruction produced by the administration of ALX and STZ, as
described by Okamoto's model (Okamoto, 1985).
STZ & ALX administration

H202 gleration

DNA Fragmenta~on in islet cells

P-cell d~struction
Figure 6. Okamoto's Model (Okamoto, 1985).

A single STZ injection stimulates a Type-1 immune response and causes an
increase in the number of CDS+ cells, macrophages, apoptotic cells, and JFN-gammaproducing T helper and cytotoxic T cells (Albers, et al., 1998). Mild STZ toxicity
also causes a decrease in GLUT 2 protein in islet cells (Wang and Gleichmann,
1998). Streptozotocin is also knovm to be carcinogenic in experimental animals
(ARC, 1998) and has been shown to induce increased incidences of kidney, lung, and
liver tumors in rats and mice. The hyperglycemic action of STZ is markedly
influenced by the gender of the animal, with male rats being significantly more
susceptible to its diabetogenic effects than females (Rodrigues and McNeill, 1987).
Exposure of cells to ALX creates cellular oxidative stress through
extracellular formation of superoxide anion radicals and hydrogen peroxide (Zhang,
1998). Alloxan monohydrate, when administered to rats, may result in increased
10

renal glycogen and decreased hepatic glycogen (Oi, et al., 1997). ALX is also shown
to cause an increase in plasma glucose levels and immunoreactive glucagon secretion
(Oi, et al., 1997).

Hypertension and Diabetes Mellitus

Hypertension occurs about twice as frequently in humans with diabetes
mellitus than in the nondiabetic population (Weidmann, et al., 1993). The common
association between hypertension and Type I diabetes is promoted by hereditary and
acquired disturbances, including a genetic predisposition for essential hypertension
and/or IDDM; Na+ retention associated with diabetes mellitus; and obesity. Sodium
retention is thought to play an important role in the pathogenesis of diabetic
hypertension and is characteristic for both Type l and Type 2 diabetes mellitus
(Weidmann, et al., 1993). The possible Na+ retaining mechanisms in Type I diabetes
include increased glomerlular filtration of glucose leading to enhanced proximal
tubular Na+-glucose cotransport, an impaired tubular response to atrial natriuretic
factor, and renal failure (Weidmann, et al., 1993).
Diabetes mellitus linked alterations and hypertension concomitantly accelerate
or precipitate cerebrovascular and coronary heart disease, nephropathy, retinopathy,
and widespread macroangiopathy, conferring a very high risk of morbidity, disability,
and early death (Weidmann, et al., 1993). The long-term treatment of hypertensive
diabetic patients involves one or a combination of the following methods: (1)
nonpharmacologic measures, (2) antidiabetic pharmacotherapy when indicated, (3)
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elimination of causes of secondary hypertension, and (4) antihypertensive drugs
(Weidmann, et al., 1993).
There are conflicting reports concerning the effects of ALX or STZ on blood
pressure in rats. Pfaffman (1980) found that the systolic and diastolic pressures in
diabetic rats were decreased. There are also reports of diabetes causing an increase in
both systolic and diastolic pressures (Woodiwiss, et al., 1996). Still others report of
diabetes having no effect on the blood pressure in experimentally induced diabetic
animals (Susie, et al., 1990). Streptozotocin induced diabetes has been shown to
lower the blood pressure and mean arterial pressure in spontaneously hypertensive
rats as a result of peripheral vasodilation (Susie, et al., 1990). Experimental diabetes
has also been associated with a decrease in heart rate which could produce a decrease
in blood pressure (Davidoff and Rodgers, 1990; Pfaffman, 1980; Woodiwiss, et al.,
1996). The discrepancies between the reports of the effects of diabetes on blood
pressure may be due to several factors, including the length of the time of the diabetic
condition, the severity of the diabetic condition, and the method used when collecting
blood pressure measurements.

Exercise Training and Diabetes Mellitus

Exercise training has been shown to alleviate many of the cardiac
dysfunctions associated with diabetes mellitus. Diabetic patients who participate in
physical activity are shown to have a decreased risk of developing heart disease
(Woodiwiss, et al., 1996). This beneficial effect of exercise training on the
12

cardiovascular system in diabetic humans is also observed in diabetic rats (Mokhtar,
et al., 1993a; Paulson, et al., 1992). Exercise training has been shown to improve
glucose homeostasis in mildly experimental diabetic rats, mainly by enhancing
insulin sensitivity (Dall'aglio, et al., 1983; Tancrede, Rousseau-Migneron, & Nadeau,
1982). Treadmill training in diabetic rats attenuates the reduction in phosphocreatine
levels in the heart as well as enhancing the ATP content in both diabetic and
nondiabetic hearts (Mokhtar, et al., 1993a). These effects are possibly related to the
enhancement in energy production by heart mitochondria that are produced by
treadmill training. The primary role of heart mitochondria is to supply cardiac cells
with the high energy phosphates necessary for myofibrillar contraction and
maintenance of ion homeostasis, protein synthesis, and other endergonic cellular
functions (Mokhtar, et al., 1993b). Heart mitochondria from chronically diabetic rats
are shown to have depressed state 3 respiration and oxidative phosphorylation rates
(Mokhtar, et al., 1993a). Physical training in diabetic rats abolishes the abnormalities
in energy production by heart mitochondria by increasing the respiration and
oxidative phosphorylation rates to normal values (Mokhtar, et al., 1993b).
The decrease in myocardial contractile function associated with Type 1
diabetes can be limited by exercise training. Paulson and colleagues also
demonstrated that moderate exercise training in diabetic rats decreases plasma levels
oftriacylglycerol and total cholesterol (Paulson, et al., 1992). This agrees with
previous studies where treatment with drugs that lower plasma lipid levels prevented
the cardiac dysfunctions of the hearts of diabetic rats (Rodriques, et al., 1986). These
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studies suggest that the beneficial effects of training may be mediated through effects
on cardiac metabolism.
Exercise training has several other effects on the diabetic rat that may
contribute to enhanced cardiac performance in these animals. These effects include
enhancing creatine kinase activity in the heart through enhanced sensitivity to insulin
(Mokhtar, et al., 1992), increasing sarcolemmal GLUT-4 protein in the heart (Osborn,
et al., 1997), and increasing cardiac output (Deblieux, et al., 1993). Exercise training
has many beneficial effects on diabetic individuals and each separate effect may
contribute to the enhanced cardiac function.

Hypothesis

The objective of this study is to determine if exercise training has a positive
effect on cardiovascular dynamics in the diabetic rat. Specifically, this research
hypothesizes that exercise training will reduce hyperglycemia, lower the blood
pressure, and minimize any cardiac arrhythmias associated with drug induced
diabetes mellitus in rats.
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Materials and Methods

Induction of Diabetes

Twenty-five male Sprague-Dawley rats, aged 30 days, were obtained from
Harlan Sprague Dawley, Inc. Rats were housed 2-3 per cage in the Animal Care
Facility and were maintained under a 12-hour light, 12-hour dark cycle in a constant
temperature environment. The animals were Purina fed rodent chow and water ad
/ibitum.

Following a two-week period of acclimation, rats were randomly assigned to
one of four groups: Control Sedentary; Control Exercised; Diabetic Sedentary, or
Diabetic Exercised. Diabetes was induced by an intraperitoneal injection of 65 mg/kg
streptozotocin (Sigma Chemical Co.) dissolved in a citrate buffer (pH 4.5) using a lee
syringe with a 27 gauge needle (Hall, et al., 1995; Magyar, et al., 1992; Shigematsu,
et al., 1994; Wang, et al., 1995).

Blood Glucose Determination

The diabetic condition was confirmed by determining blood glucose levels
(Sauviat and Feuvray, 1986; Shigematsu, et al., 1994). These researchers have
proposed that blood glucose levels greater than 20 mmol/L were suggestive of the
destruction of the

~

cells in the islets of Langerhans. One week after the injection of

streptozotocin, blood was taken from a tail clipping and blood glucose levels were
confirmed using a Glucose LiquiColor test (Stanbio Laboratory, Inc.). This is an
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enzymatic colorimetric test based on the glucose oxidase methodology. Blood was
collected in an Eppendorf tube containing heparinized saline by slowly squeezing
blood to the distal end of the tail and collecting the drops in the tube. The blood was
centrifuged (Fisher Scientific, MicroV) at 7,000 rpm for four minutes. The plasma
was collected from the Eppendorftube and 20 µI were added to an 8 ml test tube.
Two milliliters of glucose reagent were added to the test tube. The mixture was
incubated for five minutes in a 37 °C water bath (Fisher Scientific, Isotemp
Waterbath). Glucose standards were prepared by adding 20 µI of glucose standard
(100 mg/di) to an 8 ml test tube containing 2 ml of the glucose reagent. Both the
standards and samples were incubated for five minutes in a 37 °C water bath and the
absorbance was read at 500 nm with a spectrophotometer (Fisher Scientific, Spectro
Master, Model 415). Plasma glucose levels were calculated using the following
formula:

Glucose (mg/di)= Absorbance of Sample x 100
Absorbance of Standard
Glucose (mmol/L) = Glucose (mg/di) x 0.0556.

Those animals treated with STZ which had plasma glucose levels above 20 mmol/L
were considered diabetic (Sauviat and Feuvray, 1986; Shigematsu, et al., 1994).
Animals previously treated with STZ with blood glucose levels below 20
mmol/L were injected intraperitoneally with 35 mg/kg alloxan (Sigma Chemical Co.)
dissolved in citrate buffer (pH 4.5) using a lee syringe with a 27 gauge needle
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(Schmidt, et al., 1990). Five hours after the ALX injection, a glucose injection of 100
mg/kg was given intraperitoneally using a lee syringe with a 27 gauge needle.
Plasma glucose levels were tested one week later using the Glucose LiquiColor test.
Animals with plasma glucose levels below 20 mmol/L were then injected
intraperitoneally with 100 mg/kg ALX (Saito, et al., 1997) dissolved in citrate buffer
(pH 4.5) at a dosage of 100 mg/ml. One week after the injection of alloxan, blood

glucose levels were confirmed in control and diabetic rats using the Glucose
LiquiColor test.

Exercise Training

Rats assigned to exercised groups were subjected to a progressive exercise
regime over a 6-week period on a motorized rodent treadmill (Lafayette Instruments,
Inc.) for 5 days a week for 15 minutes a day at a 2 ° incline. To ensure continuous
running on the treadmill, electric shock was used as motivation from a grid at the end
of the running belt. Rats were acclimated to the rodent treadmill at an initial speed of
12 m/min for 2 days and then increased to 15.6 m/min by one week. The speed was
then increased to 19.6 m/min for 2 weeks. The speed was then increased over a 3week period to a final speed of25.2 m/min.

Sinus Rhythm Analysis

All animals were anesthetized with Isoflurane (Mallinckrodt Veterinary, Inc.).

17

Rats were placed in an anesthetizing chamber and were administered 100% 0 2 at 4
L/min for 2-3 minutes. The 0 2 was reduced to 3 L/min and Isoflurane was added to
the tank for _a final concentration of 3%. The animal was then transferred to the
surgical bench where a nose cone was used to administer Isoflurane in 0 2 at 1.2-2%.
An initial electrocardiograph was obtained from each animal using Lead II. A T-pin
was placed in the muscle tissue of the right arm, right leg, and left leg. The positive
lead was attached to the left leg, the negative lead attached to the right arm, and the
common lead or ground attached to the right leg. The leads were attached to a DigiMed Sinus Rhythm Analyzer (Micro-Med Inc.) and an ECG was obtained every 0.5
seconds using Digi-Med System Integrator (DMSI) 200-8 Version 1.07 software for
approximately I minute. The data recorded were converted to both an ASCII file and
a Dataview file using the DMSI software for view in Microsoft Excel. The ASCII
file was used to graph ECGs for each animal and the Dataview file was used to
observe the entire ECG waveform as it was recorded.

Blood Pressure Analyzer Setup
In vivo blood pressure recordings were obtained using the Digi-Med Blood

Pressure Analyzer and carotid artery cannulation. The analyzer was connected to
both the computer and a transducer for data recordings. A 25 cm length of catheter
consisting of polyethylene tubing (PE-50) was soaked overnight in 100 units/ml
heparinized saline. One end of the catheter was beveled with scissors for entrance
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into the right carotid artery. A 23 gauge needle was cut down to approximately 1 cm
and inserted into the blunt end of the catheter.
The analyzer was warmed, balanced, and then calibrated using a mercury
manometer. The transducer was connected to a mercury manometer and the mercury
level was raised to a value above that shown on the analyzer box. The calibration
button on the analyzer box was pressed and held until the value displayed on the box
was equal to the value on the manometer.
The transducer was prepared by placing a 3-way stopcock on one end and two
3-way stopcocks on the other end of the transducer. The hub of the needle was
connected to the end of a 3-way stopcock. A 2. 5 cc syringe was filled with
heparinized saline and attached to the single 3-way stopcock. With all stopcocks
closed to the atmosphere, the transducer and catheter were slowly filled with
heparinized saline from the syringe. All air bubbles were eliminated before any
procedure began.

Isolation of Right Carotid Artery

The anesthetized rats were prepared for carotid cannulation surgery. The front
legs of the animal were secured with tape. With the animal on its back and the head
lateral, a sterile scalpel was used to make an incision in the throat area to expose the
underlying muscle tissue. Blunt-ended forceps were used to dissect the muscular and
glandular tissue surrounding the trachea. The right carotid artery was located using
forceps and blunt dissection between the longitudinal muscle overlying the trachea
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and the angled muscle lateral to the trachea. The artery was isolated by placing a pair
of forceps under each side of the artery. Once isolated, the vagus nerve was separated
from the artery using Graefe extra-fine forceps.
Three pieces of 4-0 silk suture, 15 cm long, were placed around the isolated
carotid artery. One suture was tied distally (closest to head) around the artery to
prevent backflow from the head. A second middle suture was tied in a loose loop
around the artery. The final proximal suture (closest to heart) was threaded
underneath the artery and both ends clasped with hemostats. The hemostats were
pulled proximally to occlude blood flow from the heart.
With all sutures secured, Vannas style spring scissors were used to cut a small
hole in the artery between the distal and middle suture. Using Durmont forceps to
hold the artery at the beginning of the cut, the beveled end of the catheter was
inserted into the artery and advanced slowly toward the heart. The proximal suture
was gradually released and the catheter was advanced beyond this suture toward the
heart. The middle suture was tied tightly around the artery and catheter. The
proximal suture was then tied tightly around the artery and catheter.

Blood Pressure Recording

With the transducer open to the animal, blood pressure values were recorded
every 0.5 seconds for approximately I-minute using the DMSI 200-8 software and
ECG recordings were simultaneously taken.
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Assays

Following the collection of data, animals were sacrificed by decapitation and
blood was collected in heparinized tubes for plasma glucose level determination using
the Glucose LiquiColor test. Heart weight/body weight ratios were determined. The
pancreas was removed from both a diabetic and a control animal and preserved in
10% formalin for slide preparation by St. Claire Medical Center Pathology Lab,
Morehead, Kentucky.

Statistical Analysis

Results from the experiments were compared using a one-way ANOVA and a
student's t-test. Values are reported as the mean of each group+/- the standard error
of the mean. The statistical analyses were performed using Jandel Sigma Stat
software Version 1.0.

21

Results

Heart Weight/Body Weight Ratios
The induction of diabetes resulted in a statistically significant decrease in
body weight in the diabetic sedentary group and the diabetic exercised group when
compared to their respective control groups (Table 1). Exercise training resulted in
an increase in body weight in both control and diabetic groups, but this increase was
not statistically significant when compared to control groups. The heart weight was
lower in both sedentary groups, and exercise training increased the heart weight in
both groups, but this also was not a statistically significant increase. Exercise training
in both control and diabetic animals had a non-significant increase in the heart
weight-body-weight ratio. The heart weight-body-weight ratio was highest in the
diabetic animals, but this was not significantly higher than in the control animals.

Tb
a le 1. Effiectofd"iabetes and exercise on bodtvandheart we1g
"hts.
Bodywt.(g)

Heart wt. (g)

Control Sedentary
389.8 + 28.1
1.23 + 0.0937
Control Exercised
418.7 + 8.83
1.47 ± 0.0561
Diabetic Sedentary 260.5 + 19.5*
1.02 ± 0.107
Diabetic Exercised 330.1 + 30.9**
1.32 + 0.105
Values are reported as the mean± SE.
* = Significantly different from control sedentary at p<0.05.
** = Significantly different from control exercised at p<0.05.
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Heart wt (mg)
/body wtfo:)
3.20 + 0.35
3.51 ± 0.17
3.89+0.12
4.02+0.21

Blood Glucose Levels
Blood glucose levels were significantly higher in the diabetic sedentary group
as compared to the control sedentary group (Table 2 and Figure 7). Blood glucose
levels were also significantly higher in the diabetic exercised group when compared
to the control exercised group. Exercise training in both control and diabetic rats
lowered blood glucose levels, but this difference was not significant at the p<0.05
level when compared to control sedentary and diabetic sedentary groups, respectively.

Table 2. Effect of diabetes and exercise on blood 1ducose concentrations.
Blood Glucose, mmol/L
Control Sedentary
19.4 + 2.67
Control Exercised
16.1+1.16
Diabetic Sedentary
32.5 + 1.15*
Diabetic Exercised
26.3 + 1.82**
Values are reported as means of each group± SE.
*=Significantly different from control sedentary at p<0.05.
**=Significantly different from control exercised at p<0.05.

Heart Rate
The induction of diabetes resulted in a significant decrease in heart rate in
both the sedentary animals in the trained animals when compared to their respective
control groups (Table 3). Exercise training resulted in an increase in heart rate in
both control and diabetic animals, but these increases were not significant. A
measurement of the R-R interval was used to calculate heart rate. An inverse
relationship exists between the R-R interval and the heart rate (Table 3). The R-R
intervals were significantly higher in the diabetic sedentary animals and the diabetic
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exercised animals as compared to control sedentary and control exercised animals,
respectively (Table 3 and Figure 8). Exercise training resulted in a significant
decrease in the R-R interval in the diabetic animals, but not in the control rats.

Table 3. Effect of diabetes and exercise on heart rate.
R-R Interval*
HR**
Control Sedentary
177.2 + 5.14
339.6 +9.50
Control Exercised
166.9 + 6.16
361.5 + 13.48
Diabetic Sedentary 243.2 + 8.IOt§
247.5 ± 8.70t
Diabetic Exercised
199.5 + 9.17:t
302.3 + 13.42:t
Values are reported as the mean± SE.
*=Most recent R-R interval, in milliseconds.
**=Heart rate=60000ms/R-R interval
t = Significantly different from control sedentary at p<0.05.
t = Significantly different from control exercised at p<0.05.
§=Significantly different from diabetic exercised at p<0.05.

QT Interval Prolongation
The QT intervals were significantly prolonged in both the diabetic sedentary
and the diabetic exercised animals as compared to the control sedentary and control
exercised animals, respectively (Table 4 and Figure 9). The QT interval of the
control exercised group was less than that of the control sedentary group and the QT
interval of the diabetic exercised group was lower than that of the diabetic sedentary
group, but the effect of the exercise was not significant. Neither diabetes nor exercise
had a significant effect on the QT0 •
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Table 4. Effect of diabetes and exercise on QT interval and corrected QT interval.
OT Interval*
OT0 **
Control Sedentary
80.9+6.54
6.16 + 0.25
Control Exercised
78.5 ±5.82
6.15 ± 0.16
Diabetic Sedentary
100.9 + 9.05 t
6.48 + 0.52
Diabetic Exercised
93.0 ± 8.82 :t
6.59 ± 0.30
Values are reported as the mean± SE.
* QT interval, in milliseconds, measured from the start of the Q wave to
the end of the T wave.
** Corrected QT; QT interval/ ✓R-R interval
t= Significantly different from control sedentary at p<0.05.
t= Significantly different from control exercised at p<0.05.
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Blood Pressure Dynamics
Results reported for blood pressure data are from one animal in each group
and are reported in Table 5. Diabetes appeared to cause a reduction in the mean
arterial pressure (MAP), systolic and diastolic pressures, and heart rate. Exercise
training produced an increase in these values in both control and diabetic rats. The
lowest values for all four measurements are reported from the diabetic control animal.

Table5. E f£ect of exercise and diabetes on blood oressure dvnami cs.
MAP* Systolic Diastolic Heart
Pressure Pressure
Rate
Control Sedentary 118.9
132.8
103
334.1
Control Exercised
116.9
131.2
103.7
249.1
Diabetic Sedentarv 89.2
100.1
77.0
223.3
Diabetic Exercised 108.7
120.3
95.7
242.5
* = Mean arterial pressure.
Electrocardiograms
Representative waveforms taken from Lead II of the ECG' s of each
experimental group are shown in Figures 10-13. There appears to be an anomaly in
the QRS complex in the diabetic exercised animals (see Figure 13).

Histology of the Pancreas
Histological comparisons of pancreatic tissue taken from control and
chemically lesioned rats illustrate a reduced islet cell population in diabetic rats as
compared to control rats (Figures 14 and 15). Arrows indicate a smaller and more
diffuse aggregation of islet cells in the tissue from animals receiving ALX and STZ.

27

00)

550

500

-

450

"'

0

~

~

400

.

350

300

"

V\

I

V\

/\

I.JV

A

_/

V

V

250
'100

'

5

n

D

9

~

~

~

~

41

'51

Time (1 line= lOms)
Figure 10. Representative ECG of a control sedentary rat.

JS]

300

I\
J

/\

r\

'v

100

•

~

---J

\

I

'
0

'
5

9

13

21

17

25

21

Time(l line= lOms)
Figure 11. Representative ECG of control exercised rat.

28

/\

{\

33

\

'

'

41

45

700
650

600
550
(\

500

\

400

\

350

300

\
\
\

I\

450

~

/\

L

u

A
-J 'v

~

)\

L._

I...

250

.

7ffi

. .

.

.

.

Time (I line= 2ms)
Figure 12. Representative ECG of a diabetic sedentary rat.

600

A

500

\J\.\

00

/\

\.

v\

\

\

/\

I\ \

100

0

.
5

.

.

.

9

Time (I line= lOms)
Figure 13. Representative ECG of diabetic exercised rat.

29

.

Figure 14. Histological section of pancreas from a control rat, stained with H & E,
IOX (Arrow denotes islet tissue).

Figure 15. Histological section of pancreas from a diabetic rat, stained with H & E,
lOX (Arrow denotes remnant islet ti ssue).
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Discussion

Experimentally induced diabetes in rats through the use of the diabetogenic
chemicals streptozotocin and alloxan has been shown to destroy P-cells in the islets of
Langerhans, resulting in insulin deficiency and development of hyperglycemia. It is
suggested that both of these chemicals result in the destruction of the P-cells by
stimulating the release ofH202, causing fragmentation of the DNA in the islet cells,
leading to apoptosis (Takasu, et al., 1991). This produces an animal model that can
be used to Type 1 diabetes mellitus in humans. The heart ofthis animal model is
considered a model for diabetic cardiomyopathy.
Several studies have shown exercise training is beneficial to diabetic subjects.
Diabetic subjects who participate in physical activity are shown to have a decreased
prevalence of heart disease (Paulson, et al., 1987), improved glucose homeostasis
(Mokhtar, et al., 1993a), improved cardiac contractile function (Osborn, et al., 1997),
and increased cardiac output (Deblieux, et al., 1993). Thus, it appears that exercise
should be a recommended treatment for patients with diabetes mellitus. The purpose
of this study was to examine the effects of exercise training on blood glucose, blood
pressure dynamics, and cardiac electrical activity to determine if indeed, exercise
training is beneficial.
The induction of diabetes using both alloxan and streptozotocin resulted in the
destruction of the islets of Langerhans as evidenced by the reduced islet cell
population in the diabetic animals (see Figure 15). Also, the development ofa
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diabetic condition in both sedentary and exercised rats was observed as suggested by
a blood glucose level greater than 20 mmol/L. This level agrees with experiments of
several other researchers where these chemicals were used to induce the diabetic state
(Sauviat and Feuvray, 1986; Shigematsu, et al., 1994). Training diminished the
elevated blood glucose levels in the diabetic rats by 19%, although they were not
restored to that in the control animals (see Table 2). This training-induced
improvement in glucose tolerance has been suggested by some researchers to be
dependent on an enhanced sensitivity to insulin (Dall'aglio, et al., 1983; Tancrede, et
al., 1982). There were some islet cells present in the diabetic rats, but, the islet cells
were smaller and more diffuse (see Figure 15).
The diabetic condition resulted in a significant decrease in the body weight of
both the sedentary and exercised animals, a condition commonly observed in diabetic
rats (Mokhtar, et al., 1993; Susie, et al., 1990). Body weights were recorded at two
different times, when the diabetic condition was first initiated and before carotid
artery cannulation. The weight of the diabetic animals decreased from the beginning
of experimentation until the time of death. Exercise training resulted in an increase in
body weight in both animal groups, but it did not increase the body weight in the
diabetic animals to of the controls (see Table 1). It appears that exercise training is
beneficial to diabetic animals by reducing the loss of body weight that accompanies
the disease.
The decrease in body weight observed in the diabetic animals could be
responsible for the decrease in heart weight observed in the diabetic animals. The
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increase in heart weight in both control exercised and diabetic exercised animals is in
agreement with reports of exercise induced cardiac hypertrophy in humans and
animals (Fuller and Nutter, 1981; Susie, et al., 1990).
Conflicting reports on the effects of diabetes on blood pressure exist.
Although limited, the data presented in this research agree with those of Pfaffman
(1980) and Susie, et al. (1990) in that diabetes resulted in a decrease in systolic and
diastolic pressures as well as the mean arterial pressure. Whether this decrease was
significant could not be detennined because there was only one animal per
experimental group. However, this decrease may be attributed to the significant
weight loss observed the diabetic animals. Weight loss was reported by Susie, et al.
(1990) to be a significant factor contributing to the decrease in blood pressure
observed in spontaneously hypertensive and normotensive diabetic animals. This
hypotensive effect may also have been caused by depressed responsiveness to
adrenergic stimulation, alterations in vascular collagen synthesis, or depressed thyroid
function (Davidoff and Rodgers, 1990). Hypothyroidism, although not included in
the present study, is often a secondary metabolic disorder of diabetes and has similar
effects on cardiac metabolism and function. These include impairing myocardial
contractility, depressing myosin ATPase activity and sarcoplasmic reticulum Ca2+
uptake, and a reduced sensitivity to adrenergic agonists (Davidoff and Rodgers,
1990).
The decreased systolic blood pressures of the diabetic animals may be the
result of a decreased ability of the vascular muscle to contract, as was observed by
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Pfaffman in 1980. Exercise training increased these values, but it did not return them
to the values observed in the control animals. This suggests that training is beneficial
in counteracting the hypotensive effect of diabetes. This also suggests that a more
intense or longer training protocol may restore the blood pressure levels to normal.
Our observation of a decreased resting heart rate in diabetic animals (see
Table 3) is in agreement with those of Fuller and Nutter (1981), Susie, et al. (1990)
and Wegner, et al. (1987). This decrease in heart rate after the induction of diabetes
could be a consequence of hyperglycemia, insulinopenia, a metabolic derangement,
or a myocardial stiffness (Pfaffinan, 1980). The bradycardia associated with diabetes
has been attributed, in part, to depressed myocardial responsiveness to adrenergic
stimulation (Davidoff and Rodgers, 1990). The diabetic myocardium possesses a
lower density of functional ~-adrenergic receptors. Our observation of an increase in
the resting heart rate in both control and diabetic exercised animals disagrees with
that observed by Fuller and Nutter (1981) and Wei, et al. (1987), in which endurance
training resulted in a decrease in resting heart rate. Endurance training is known to
cause resting bradycardia, a decreased heart rate at submaximal work levels, and an
increased cardiac output (Fuller and Nutter, 1981). The discrepancy between our
results and those of others could be due to the strain of the animal used, the severity
of the diabetic condition, or the differences in which the exercise regimes were
administered. The present study used a progressive increase in the training period.
QT interval prolongation is observed in diabetic subjects and may be
attributed to conditions that accompany the diabetic state (Chambers, et al., 1990;

34

Sawicki, et al., 1996; Tentolouris, et al., 1997). This abnormality was observed in
both diabetic groups and exercise training decreased this prolongation, but did return
it to the normal value observed in the control animals (see Table 4). The QT interval
represents one complete ventricular contraction (Dunn and Lipman, 1989). The QT
interval prolongation may be caused by subendocardial ischemia, a condition
associated with diabetes mellitus, where a delay in the repolarization in the ischemic
subendocardial zone exaggerates the normal subendocardial delay and lengthens the
duration ofrecovery (Chambers, et al., 1990; Dunn and Lipman, 1989). This
ischemic condition may also cause a peaked T wave on the ECG and was observed in
the diabetic animals (see Figures 12 & 13). An elevated ST segment was observed in
the exercised diabetic animals (see Figure 13). An elevation of the ST segment is a
common feature found in non-diabetic exercised individuals (Dunn and Lipman,
1989).
The QT interval prolongation observed in the diabetic animals may also be
caused by factors independent of autonomic neuropathy. Hypertension is one cause
of QT interval prolongation, but this does not appear to be the case in this experiment
because the diabetic animals exhibited a drop in blood pressure. The resultant
increase in the QT interval is more likely a result of ischernia and possible autonomic
neuropathy.
Left ventricular hypertrophy is a complication that frequently accompanies
diabetes mellitus (Shehadeh and Regan, 1995). This condition leads to an increase in
the magnitude of the QRS complex on the ECG as well as changes in the ST segment
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(Dunn and Lipman, 1989). The deviation in the ST segment results because left
ventricular activation is prolonged, and this can be seen in the prolonged QT interval.
The QRS magnitude was also slightly elevated in the diabetic animals and suggests
left ventricular hypertrophy.
A decrease in the transient outward current has been reported by several
investigators to be responsible for an increase in the action potential duration, leading
to abnormalities in the waveform on the ECG (Magyar, et al., 1992; Tsuchida and
Watajima, 1997; Wang et al., 1995). Although action potentials were not directly
measured in this study, the recorded ECG gives insight into abnormalities in cardiac
action potentials because the actual recorded ECG is a sum of all the action potentials
in the heart. The decreased ability of the membrane to repolarize causes more Ca2+ to
enter, elevating intracellular calcium levels. This elevation of intracellular Ca2+
concentrations causes the contractile response to be prolonged and can result in an
anomaly on the ECG (Shigematsu, et al., 1994).
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Conclusion

The results from these experiments demonstrate that exercise training in rats
has a beneficial effect on the cardiovascular complications associated with diabetic
animals in which their islet of Langerhans were chemically lesi.oned. Streptozotocin
and alloxan treatment resulted in destruction of the P-cells ·orpie islets of Langerhans,
producing diabetic animals with cardiovascular dysfunctions as evidenced by blood
pressure and electrocardiographic studies. Exercise training was shown to reduce the
hyperglycemic condition by 19% and increase blood pressure parameters and heart
rate to values close to that observed in control animals. Exercise training also
decreased QT intervals and partially restored blood glucose levels to values closer to
the control. Electrocardiogram anomalies in the QRS complex observed were not
corrected by exercise training. Therefore, the hypothesis that exercise training would
decrease blood pressure in the diabetic animals was not supported by this study. The
hypothesis that exercise training can minimize cardiac arrhythmias in diabetic
animals is supported by the QT interval evidence.
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